Summary. The role of a 54-kb plasmid in the virulence of Salmonella Enteritidis strains of phage type 4 was examined in mice, young chickens and adult laying-hens. Although the plasmid was essential for full expression of virulence in mice, differences in expression of virulence by this 54-kb plasmid were noted among strains; thus, introduction of the plasmid to a naturally occurring strain that lacked it did not make that strain virulent. In newly hatched chickens, virulence of an Enteritidis strain of phage type 4 by oral or parenteral routes was unrelated to possession of this plasmid which, similarly, played no role in infection in egg-laying hens. When a strain of Enteritidis phage type 4 and a plasmid-cured strain derived from it were given orally to chickens, both strains were equally invasive and their patterns of localisation in spleen, liver and ovaries were similar and they were isolated at similar frequencies from cultured, laid eggs.
Introduction
Enteritidis is the salmonella serotype most frequently associated with cases of food-poisoning in man.' Many outbreaks traceable to sources of infection are derived from poultry and caused by strains of phage type 4 (PT4). In addition to their association with food-poisoning arising from broiler-carcase contamination as a result of faecal excretion,2 PT4 strains are highly virulent for young broiler chickens in which they cause considerable mortality ;3-5 they may also be isolated from laying flocks,' and food-poisoning cases associated with consumption of eggs or other eggbased foods have been
The extent to which egg contamination is a result of bacteria reaching individual ovules by haematogenous spread or of contamination, either in the oviduct or cloaca after formation of the egg, remains disputed.1°-13 In a preliminary investigation of the virulence characteristics of Enteritidis strains for broiler chickens, PT4 strains showed greater virulence and invasiveness, and possibly persisted in faeces longer, than strains of PTs 6, 8 or 13a. However, the actual virulence properties which allow PT4 strains to localise in the ovaries of infected chickens, and which have favoured their dissemination within the poultry industry, remain to be determined. that produce systemic typhoid-like disease in animals, e.g., Typhim~rium,'~ Enteritidis,15 Dublin,16 Gallinarum," Pullorurn'' and Choleraesuis. '' There is considerable g e n e t i~l ' *~~-~~ and f~n c t i o n a l~l .~~ homology among plasmids of several of these serotypes. The role of a 54-kb plasmid in the virulence of Enteritidis strains has been studied in detail in mice only.119 15.25 . Evidence of its importance in systemic disease in chickens is confusing. Thus, Nakamura et aI.l5 indicated that, although the plasmid did not contribute to mortality in chickens, a plasmid-bearing strain from cattle was more invasive in chickens than a plasmid-cured strain derived from it ; however, the latter strain was not tested after the plasmid had been re-introduced into it. In contrast, Hinton et found that a plasmid-cured PT4 strain was no less invasive for chickens than its parent strain. In the present study, an attempt was made to resolve this confusion by examining in tests with mice, young chickens and adult laying-hens, the relative virulence of a PT4 strain, a plasmid-cured strain derived from it and one into which the plasmid was re-introduced. Again, the effect of introducing the 54-kb plasmid into a naturally occurring strain lacking it was also examined.
Materials and methods

Bacteria and cultural conditions
The Enteritidis strains of PT4 used in this study are shown in table I. Strains S1 and S31 were kindly supplied by Dr B. Rowe and Dr E. J. Threlfall, Central Public Health Laboratory, Colindale Avenue, London. All strains were stored on Dorset's egg slopes at 4°C. Spontaneous (chromosomal) mutant strains resistant to nalidixic acid (Nal'), spectinomycin (Spec") and rifampicin (Rif') were derived as described elsewhereS2' Nal" and Spec" mutant strains of Salmonella are known to be no less virulent for chickens than their parent strain?' (and P. A. Barrow, unpublished results) . Bacterial cultures were grown in an orbital shaker at 200 rpm in L broth (10 ml, unless otherwise stated) for 16-18 hat 37°C toadensityofc. lo9 cfu/ml.
E.t-perir?rmtal art inials
Female BALB/c mice aged 6-8 weeks were used. Chickens were unsexed, day-old Rhode island Red (RIR) obtained from a salmonella-free flock ; their rearing conditions and diet have been described before." Pullets aged 16 weeks were obtained from a commercial flock, caged individually and used when c. 24 
Trurrsposori niutagenesis urid plasinid ruriiiy
To assist in curing, the plasmid of strain SlNal" was tagged with transposon Tn3 encoding ampicillin resistance. This was achieved by phage P22-mediated transduction of the temperature-sensitive, tetracyclineresistance plasmid pSCl01 containing Tn3, from Gallinarum strain 9'' to strain S1 Nal".30.91 Plasmidcuring in the presence of acridine orange 1900 ,ug/ml was performed as described before.IP
TjirerT fuctor mutiriy
The 54-kb plasmid was re-introduced to plasmidcured derivatiw strains and introduced to naturally occurring strains that were devoid of plasmid by a three-factor mating in which the 54-kb plasmid was mobilised by F factor present in a prototrophic E. coli K 12 strain."
I. ' i r h i ICY tes ts mid pa tliqcleriicity st tidies
The pathogenesis of infection in mice has been described previously. 24 The mortality produced by oral inoculation of newly hatched chickens, and LD50 estimations performed by intravenous injection into mice and intramuscular injection into chickens were assessed by methods described p r e v i~u s l y .~~, 24 Infection in 24-week-old hens was achieved essentially as described previ0us1y.l~ Briefly, two groups of 11 and 12 hens, individually caged, were given an oral inoculum (0-3 ml) of an undiluted broth culture of the Nal' mutant strain SINal", or of its plasmid-cured derivative strain S1 (pHHOOl-)Nal". Chickens were killed I and 2 weeks after challenge and organ samples were removed aseptically in the order of ovary, spleen and liver; cloaca1 swabs were taken and caecal contents were sampled. Ovary samples with ovules ruptured were enriched in Sodium Selenite Broth (Oxoid, CM395) and incubated overnight at 37°C before plating on Brilliant Green Agar (BGA) (Oxoid, CM263) containing nalidixic acid 20 pg/ml and novobiocin 1 pg/ml. Other samples were homogenised in Dulbecco's phosphate-buffered saline (PBS, Oxoid BR14a) in Griffith's tubes and estimations of viable counts of bacteria were made on antibiotic-containing BGA.32 Cloaca1 swabs were plated directly on antibiotic-containing BGA followed by enrichment in selenite broth. In the course of the experiment, all eggs laid by hens in each of the two groups were collected, care being taken not to cross-contaminate eggs from these two groups. Each egg was broken individually into a sterile glass jar along with its shell ; the contents were mixed well, incubated overnight at 37°C and plated on antibiotic-containing BGA. were extracted from the procedure to check parallelism and to compare LD50 values (comparison of intercepts in the procedure). This was not possible for some of the data presented in table 11. In the latter case, the method of Reed and Muench3" was used. In table 111, analysis of differences in mortality was performed by the f test with 2 x 2 contingency tables. Analysis of differences in viable counts/g from samples (table IV) was performed by the Mann-Whitney test. Each of these tests was performed with the MINITAB statistical software (Minitab Inc., State College, PA, USA). In table IV, logistic linear-modelling analysis was used to determine differences in the number of eggs laid by hens contaminated or infected by each of the two strains; these tests were made with the GENSTAT statistical software (Rothamsted Experi men tal St a t ion, H arpenden). Sl(pHH001-) Nal"
Antibiotic-sensitive isolate from man (Amp", Nal" mutant strain from strain S1 (Amp', Nal") Strain SINal" with pHHOO1 tagged with Tn3 pHH001 pHH001 pHHOOI : : Tn3 Nal') (Amp", Nal") plasmid by acridine orange (Amp', Nal") (pHHOO1 -)Nal" with Tn3-labelled plasmid introduced from Rif' mutant of strain Sl(Tn3)Nal" (Amp", Nal", Spec") Nal') Strain S1 (Tn3)Nal' cured of Tn3-labelled ...
Spec" mutant strain from strain S1
pHHOO1: : Tn3
Antibiotic-sensitive isolate from meat (Amp', ... Amp, ampicillin; Nal, nalidixic acid; Spec, spectinomycin; Rif, rifampicin ; r, resistant ; s, sensitive.
Results
Plasmid analysis of strains
The plasmid contents of the parent strain S1, its Tn3-labelled mutant strain, its plasmid-cured derivative strain and the two transconjugants S l(Tn3)Spec' and S3 1 (pHHOO 1 +)Spec' are shown (figure, lanes 3-6 and 8). The absence of F plasmid from the transconjugants was confirmed by electrophoresis. Both of these transconjugants possessed smooth LPS, as judged by absence of agglutination with acriflavine and by agglutination with 0-specific antiserum.
Virulence for mice
The results of virulence tests with Enteritidis strains SlNal', S31 and their derivatives (table I) made with BALB/c mice are shown in table 11 . LD50 values of strain SlNal' and its Tn3-tagged derivative strain Sl(Tn3)Nal' were not significantly different. By contrast, both the plasmid-cured strain Sl (pHHOO 1 -)Nal' and the naturally occurring plasmid-free strain S3 1 had much higher LD50 values. It was not possible to compare the LD50 values of strains S1 (pHHOO 1 -)Nal', S3 1 and S3 1 (pHHOO 1 +)Spec' with that of strain S 1 Nal' because of the absence of intermediate mortality values at bacterial doses around the LD50 value. However, calculated LD50 values were greater than the highest bacterial dose of SlNal' that did not produce 100% mortality ( lo1 cfu). Therefore, these differences were probably significant. Re-introduction of the Tn3-labelled plasmid pHHOOl to the plasmid-cured derivative strain Sl(pHHOOl-)Nal' restored the virulence of that strain; however, it did not increase the virulence of the naturally occurring plasmid-free strain S31. Similar results were obtained with another pHHOOl : : Tn3 transconjugant of strain S3 1.
Virulence for newly hatched chickens
The virulence of Enteritidis strain SlNal' and its derivatives was assessed after oral and intramuscular inoculation of newly hatched RIR chickens ; the results are shown in table 111. Typical signs of salmonellosis including lethargy, anorexia, caked vents and emaciation were observed in all chickens after oral in- oculation of Enteritidis PT4 strains. Some surviving chickens exhibited polyserositis involving the liver and pericardium. Significant differences were not seen either in the percentage mortality resulting from oral inoculation or in the LD50 after intramuscular injection with the parent strain SlNal' and its derivatives.
Virulence .for. hying-hens
To establish whether plasmid pHHOOl had a role in the pathogenesis of salmonella infection in adult hens, groups of 24-week-old laying hens were inoculated orally with strain Sl Nal" or the plasmid-cured strain Sl(pHH001 -)Nal' derived from it. The presence of bacteria in different tissues was examined 1 and 2 weeks after inoculation ; results showed the similar behaviour of these two strains (table IV). One week after inoculation the numbers of viable bacteria of strains S 1 Nal' and S 1 (pHHOO 1 -)Nal" isolated from liver, spleen and caecal contents were high. The values obtained with these strains were not significantly different. Bacteria were also isolated from cloacal swabs and ovaries of all hens infected with strain SlNal" and from many of the samples from hens infected with strain S 1 (pHHOO 1 -)Nal'. By 2 weeks after inoculation, the numbers of salmonellae in liver, spleen and caeca had declined. In a few hens, cloacal swabs and ovaries were positive for both strains. The proportions of eggs infected or contaminated with either strain 1 week after injection were not significantly different; in the second week there seemed to be a significant difference in the proportion of infected eggs. However, the apparent significance of this result depended largely on the finding that there was one chicken in one of the groups that had laid two eggs, both of which were infected. Removal of this observation from the data-set produced a non-significant result when the comparison was repeated. This suggested that the apparent significance may have been a consequence of the small number of hens studied and that a larger sample might have produced more homogeneous data.
Discussion
This work has shown that, whilst the 54-kb plasmid of a strain of Enteritidis of PT4 is essential for full expression of virulence in mice, it has no role in the production of disease and death in newly hatched chickens or in the localisation of bacteria in the visceral organs, including the ovaries, after oral infection of laying-hens. The association between possession of the plasmid and virulence for mice has been reported by others for Enteritidis strains of PT4 and other strains.ll* 15* 25 However, introduction of the virulence plasmid from one PT4 strain to another strain that lacked it naturally did not increase the virulence of the latter strain, as it did for the plasmid-cured derivative described above. The 54-kb plasmid is stable when introduced to naturally occurring strains that lack it and, since full expression of the ability to survive and multiply in the reticuloendothelial system has been found to involve both plasmid-and chromosomallymediated characteristic^,^^,^^^ 35 it seems likely that strain S31 in this study lacked a full complement of functional chromosomal genes of virulence. A similar observation has been reported for some Typhimurium strains in which the level of virulence of naturally occurring plasmid-free strains was unaffected by the 90-kb virulence plasmid of Typhimurium. 36 There may be chromosomal genes that allow the 90-kb plasmid of Typhimurium to express high virulence in highly virulent strains and some of these putative genes may be absent or mutated in some naturallyoccurring plasmid-free strains. The absence of the 54-kb plasmid in some Enteritidis strains may result from plasmid loss, suggesting that chromosomal genes might affect long-term virulence-plasmid stability. Although the invasiveness of PT4 strains of Enteritidis in day-old chickens has been shown to be unrelated to the possession of the 54-kb plasmid, the role of the plasmid in virulence for chickens was not investigated. 26 The results presented here demonstrate clearly that the 54-kb plasmid does not contribute to virulence of Enteritidis strains for day-old chickens. A similar observation has been made with a Typhimurium strain; thus, elimination of a 90-kb plasmid led to a reduction in its virulence for mice but to a small increase in virulence for chickens (P. A. Barrow, unpublished results). Bacteriological analysis of the tissues of laying-hens after experimental oral infection with Enteritidis strain SlNal' or Sl(pHHOOl-)Nal' revealed that the 54-kb plasmid was not essential for bacterial localisation in a number of tissues, including the ovary. The low frequency of isolation of bacteria of the plasmid-cured strain from cloaca1 swabs may have been due to their intermittent excretion. The apparent absence of selective advantage of the plasmid for Enteritidis strains in the production of disease makes it conceivable that the plasmid confers an advantage by increased survival of bacteria in the environment including the faeces. This hypothesis would be worth studying. The microbial basis for the prevalence and persistence of Enteri tidis strains of PT4 remains to be determined and it may involve a number of factors including invasiveness, intestinal colonisation, immunosuppression and survival in the environment. In an investigation of the genetic basis of virulence for chickens, it was essential to examine the role of the plasmid and this study shows that it was not important. In the pathogenesis of Typhimurium infection in newly hatched chickens, invasiveness was considered to be the virulence determinant of over-riding importance. Enteritidis strains are highly invasive for chickens ;2* 4. 5. 26 therefore, an investigation of this virulence characteristic might contribute to a greater understanding of the pathogenesis of avian infection by strains of this serotype.
